X-ray absorption spectroscopy using fluorescence and transmission (via a scanning transmission X-ray microscope), and linear-response density functional theory. The results suggest that moving from Group 6 to Group 7 or down the triads increases M-O e* (π*) mixing. Meanwhile, t 2 * mixing (σ* + π*) remains relatively constant within the same Group. These unexpected changes in frontier orbital energy and composition are evaluated in terms of periodic trends in d orbital energy and radial extension.
Introduction.
The nature of chemical bonds between metals and light atoms such as oxygen, nitrogen, and carbon is of widespread interest because these interactions control the physics and chemistry of many technologically important processes and compounds. Light atoms are prone to form highly covalent metalligand multiple bonds involving one σ bond and one or more π bonds, resulting in oxo, imido, nitrido, alkylidene, alkylidyne, and carbido functionalities with many desirable chemical reactivities and physical properties.
1 Among this diverse group, metal oxides stand out because of their widespread presence in biological and bio-inspired processes and for applications utilizing their unique magnetic, electronic, and thermal properties. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Developing a clear understanding of how M-O electronic structure and orbital mixing changes for a range of metal oxo compounds and materials will greatly benefit attempts to advance these technologies.
Among approaches explored previously, ligand K-edge X-ray absorption spectroscopy (XAS) has emerged as an effective method for quantitatively probing electronic structure and orbital mixing in metal-chlorine and metal-sulfur bonds. 14 This spectroscopic technique probes bound state transitions between core ligand 1s orbitals and unoccupied molecular orbitals. The excitations can only have transition intensity if the empty acceptor orbitals contain ligand p character. 14 At first glance, such an approach seems well-suited for studying metal-oxygen bonding. However, attempts to use this technique to study non-conducting molecular systems are complicated by experimental barriers derived from the low energy of the oxygen K-edge (ca. 530 eV), which magnifies issues associated with surface contamination, saturation, and self-absorption effects.
In this manuscript, we overcome these challenges and evaluate relative changes in metal-oxo electronic structure and orbital mixing for non-conducting molecular solids using O K-edge spectroscopy in conjunction with hybrid density functional theory (DFT) calculations. Specifically, non-resonant inelastic X-ray scattering (NIXS), XAS, and linear-response density functional theory (TDDFT) are used as complimentary techniques to assess bonding in peroxyanions, MO 4 2-(M = Cr, Mo, W) and MO 4 1-(M = Mn, Tc, Re). 15 These highly symmetric d 0 anions were selected as analytes because historically they were foundational in development of valence bond theory for tetrahedral compounds. 16, 17 Developing the chemistry of these MO 4 x-anions is also needed to support a variety of applications, which include use as stoichiometric and catalytic oxidants, 18 in radiopharmaceutical purifications, 19 and in advanced nuclear fuel separations. 20 Despite the similarities of these isoelectronic d 0 MO 4 2-and MO 4 1-anions, we find significant differences in σ-and π-type metal oxo orbital mixing both for adjacent metals in the same row as well as for metals within the same group triad. Density functional theory calculations using relativistic effective core potentials (RECPs) were conducted to determine how antibonding molecular orbital compositions and energies varied as (1) metals changed within a group (Cr, Mo, W and Mn, Tc, Re) and (2) metal charges increased from M 6+ (Group 6) to M 7+ (Group 7), which is accompanied by a decrease in anionic charge from MO 4 2-to MO 4 1-. The molecular orbital picture determined by DFT (Figure 1 ) is consistent with conclusions from group theory. As expected based on the relative energies of the 3d, 4d, and 5d atomic orbitals, an increase in energy for the e* and t 2 * orbitals was observed within a Group triad, such that Cr < Mo < W and Mn < Tc < Re (Figure 1 ). These orbitals also decrease in energy on moving from Group 6 (MO 4 2-) to Group 7
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(MO 4 1-), e.g. Cr > Mn and Mo > Tc. Participation of the O 2p orbitals in the e* and t 2 * orbitals is calculated to decrease subtly with heavier metals in an individual Group triad as shown by the decrease in oxygen 2p character (Figure 1 ). More profound changes in oxygen 2p character are observed on moving from Group 6 to Group 7, which is also correlated with an increase in the formal charge on the metal. The O K-edge NIXS and XAS spectra for the MO 4 1-and MO 4 2-salts were modeled as described previously using symmetrically-constrained Gaussian line shapes and a step function with a 1:1 ratio of arctangent and error function contributions. 21 Curve fitting models of the XAS (transmission) data are shown in Figure 3 and Table 1 (See Supporting Information for NIXS and FY models). In each case the analyses agreed well with the experimental data as shown by low correlation coefficients, residual data that only slightly deviated from a line of zero intensity, and symmetric residual peaks that were similar in shape to the parent Gaussian functions (see Supporting Information). Errors associated with the area (hereafter referred to as the intensity) of the low energy curve fitting functions due to normalization or curve-fitting were estimated at 5% for the FY data and 10% for the STXM and NIXS data. 21 Each spectrum, whether it was obtained using NIXS, STXM, or FY, also exhibited an additional third feature in the low-intensity valley after the two main pre-edge features and before the onset of the rising edge. The close proximity of these features to the rising edge results in greater uncertainty in the intensity of their corresponding curve-fit functions and, consequently, only the intensities for the first two most intense features are discussed.
The two intense features at low energy in each O K-edge spectrum were well-resolved from the rising edge and intensities were determined with confidence from the area of the corresponding curve-fit functions. As noted previously, 21 accurate comparisons between pre-edge intensities can be derived from both NIXS and transmission data because contributions from self-absorption and saturation effects are not present (NIXS) [30] [31] [32] or can be minimized/eliminated (STXM). 33 In contrast, FY measurements provide reduced spectral intensities due to saturation and/or self-absorption effects, stemming from the relative size of the particles compared to characteristic X-ray penetration lengths (~ 1 µm) and high concentrations of analyte required for the measurement. Hence, comparisons between NIXS and STXM data for MO 4 2-and MO 4 1-show that pre-edge peak positions decrease in energy from Group 6 to Group 7 (Mn < Cr, Tc < Mo, and Re < W), which is accompanied by an increase in pre-edge peak intensities measured for the Group 7 (MO 4 1-) compounds relative to Group 6 (MO 4 2-). Origins for these changes in spectral intensity are discussed below.
Spectral Interpretations. Calculated O K-edge spectra were generated using time-dependent DFT (TDDFT) to guide spectral interpretations ( Figure 4 and Table 1 ). This approach has been applied successfully to simulate spectra for several other transition metal systems 26, 27, [34] [35] [36] and to simulate the absorption spectrum of permanganate. 37 Each calculated spectrum has been shifted by approximately +13
eV to account for omission of electronic relaxation and other effects (see Methods). 38, 39 Absolute energies and peak splittings for the first two features in the O K-edge spectra measured using NIXS and obtained by XAS (STXM and FY) all agree with the TDDFT simulated values (Table 1 ). The TDDFT calculations are also consistent with expectations from group theory, which show that the only spin and dipole allowed transitions for each of the d 0 MO 4 x-complexes must be between 1 A 1 → 1 T 2 states. Hence, the first pre-edge feature in each of the O K-edge spectra is assigned to an excitation from the O 1s ligand orbitals of t 2 symmetry to the e* molecular orbitals, while the second feature consists of closelyspaced excitations from O 1s orbitals of a 1 and t 2 symmetry to the t 2 * orbitals ( Figure 4 and Table 1 ).
Additional confidence in this spectral interpretation is obtained by comparing the O K-edge XAS with published UV-visible spectra. 17 The calculations also predict transitions that may account for the third low intensity and high-energy feature in the experimental spectra (see above). Consistent with our earlier report describing the NaReO 4 O K-edge spectrum, 21 and similar to several other ligand K-edge studies, (Table 1 ). These data reveal that greater intensities (more mixing) are correlated to larger atomic numbers within a given group triad (Cr < Mo < W and Mn ≅ Tc < Re). In addition, the intensity for this 1s → e* feature increases on moving from Group 6 to The intensities measured in transmission using the STXM reflect a complex pattern of σ-and π-type mixing between oxygen 2p and metal d orbitals for different MO 4 2-and MO 4 1-anions. Intensities meas-ured using NIXS for ReO 4 1-and the Group 6 MO 4 2-were compared to support these measurements, which showed that periodic trends in intensity are similar for both the transmission and NIXS measurements. 21 In general, peak intensities for MO 4 2-and MO 4 1-measured using NIXS are identical to those measured using transmission detection within one equivalent of the error (1σ). Larger deviations of 2σ
were observed between the two measurements for both pre-edge peaks in the CrO 4 2-spectrum and for the low energy pre-edge peak for MoO 4 2-. Because NIXS measurements at the O K-edge are immune to saturation effects, 21 this may be evidence of small errors in the transmission data. However, the overall periodic trends in intensity described above are similar for both the transmission and NIXS measurements. Relative MO 4 2-and MO 4 1-experimental pre-edge peak intensities are also in good agreement with the oscillator strengths calculated using TDDFT ( 
Conclusion.
These experimental and theoretical results provide insight into periodic trends in electronic structure and orbital mixing for metal-oxo multiple bonds, and demonstrate a spectroscopic approach that may be useful for studying metal-ligand multiple bonds involving metals and light atoms such as carbon, nitrogen or fluorine. The O K-edge spectra and DFT results show substantial variability in the extent of M-O mixing for the antibonding e* (π*) and t 2 * (σ* + π*) orbitals of tetrahedral d-block peroxyanions. The NIXS, XAS, and TDDFT results indicate that metal d and oxygen 2p orbital mixing increases by a fac-tor of 1.1 to 1.5 in the e* orbitals, and by a factor of 1.2 to 2.0 in the t 2 * orbitals, on traversing from Group 6 to Group 7. Within group triads, a pronounced increase in O 2p mixing by a factor of up to 2.0 is observed for the π-type antibonding interactions in the e* orbitals on moving to heavier 2 nd and 3 rd row transition metals. Conversely, mixing in the t 2 * (σ* + π*) orbitals, on average, does not appreciably change on moving from 3d to 5d transition metals in either Group 6 or 7.
A simple theoretical framework to rationalize these experimental results can be derived from firstorder perturbation theory, which establishes that orbital mixing is directly related to the spatial overlap between valence atomic orbitals and inversely proportional to their energy separation. 45 In an individual
Group triad, O 2p mixing may increase through better spatial overlap with larger 4d and 5d atomic orbitals, but the 3d atomic orbitals will have the most favorable energy match. For example, the increase in π-type mixing in the antibonding e* orbitals observed for the 2 nd and 3 rd row transition metals is indicative of improved π spatial overlap between the O 2p and more diffuse 4d and 5d atomic orbitals.
Mixing in the t 2 * orbitals is extensive, even for CrO 4 2-and MnO 4 2-, and can be attributed to improved spatial overlap arising from more directional σ bonding character in the t 2 * orbitals ( Figure 7) . However, an increase in t 2 * mixing is not observed with 2 nd and 3 rd row transition metals, suggesting that improvements in spatial overlap in the bonding and antibonding t 2 orbitals are more effectively offset by an increasing energy mismatch between the O 2p and M 4d and 5d atomic orbitals. An increase in mixing is observed in both the e* and t 2 * orbitals on moving from Group 6 to 7. This increase in O 2p character may result from a stabilization of the d orbitals that occurs with increased metal charge, which facilitates orbital mixing by decreasing the energy mismatch with the O 2p orbitals. These experimental and theoretical results demonstrate that models of metal-oxo electronic structure should not rely solely on periodic changes in either d orbital energy or radial extension. On the contrary, orbital composition is influenced by a complex interplay between both factors, leading to dramatic changes in the energy and composition of the frontier orbitals even for formally isoelectronic metal oxos. eV). Spectra with reproducible peak intensities were obtained with step sizes of 0.07 eV over the rising edge, and only minimal effects from radiation damage were observed for KMnO 4 .
As described previously, 21 NIXS measurements for NaReO 4 and Na 2 WO 4 were taken using LERIX at the PNC/XOR 20-ID beamline of the APS, which is an undulator beamline equipped with a doublecrystal Si(111) monochromator that provides a typical photon flux of approximately 10 12 photons/s. 46 NIXS measurements for Na 2 CrO 4 and Na 2 MoO 4 were taken using the 40 crystal X-ray Raman spec-trometer on the wiggler beamline 6.2 at SSRL 47 through the beamline's Si(311) double crystal monochromator and under normal operational conditions for the SPEAR3 storage ring (incident beam flux of 2 × 10 12 photons/s at approximately 10 keV; 350 mA). The energy resolution at the Si(660) reflection was approximately 500 meV. The FY, XAS, and NXIS data were modeled as previously described. 21 Errors in intensity associated with each measurement were estimated at 5% for the FY data and 10% for the STXM and NIXS data, which is based on our ability to reproduce the data over multiple experiments.
21
Electronic Structure Calculations and Simulated O K-edge Spectra. Ground state electronic structure calculations were performed on MO 4 1-and MO 4 2-species using the B3LYP hybrid density functional theory (DFT) 48, 49 in the Gaussian 09 code. 50 The transition metals were modeled with the Stuttgart relativistic effective core potential (ecp) and basis set 51, 52 with the most diffuse s, p, and d functions removed. O was modeled using a Pople style double-ζ 6-31G(d',p') basis set with polarization functions optimized for heavy atoms. 53 These functionals and basis sets have demonstrated good agreement between experimental and simulated ligand K-edge XAS for organometallic and inorganic systems. 21, 26, 29, 54 The molecular orbital compositions of each compound were obtained by Mulliken population analysis of the individual molecular orbitals.
The O K-edge XAS were simulated using TDDFT. This approach has been applied successfully to simulate spectra for several other transition metal systems 26, 27, [34] [35] [36] and to simulate the absorption spectrum of permanganate. 37 These calculations were conducted as described previously. 21, 26, 27 A moderate energy shift (Table S2 , Supporting Information), was established by setting the energy of transitions simulated for the d orbitals of e symmetry to be equal to those in the transmission XAS obtained using STXM, which accounts for the omission of the electronic relaxation associated with the core excitation, relativistic stabilization, and errors associated with the functional. 26 Calculated intensities were taken from the TDDFT oscillator strengths and scaled to the O 1s → e* transition in the O K-edge XAS (STXM) of ReO 4 1-by applying a scaling factor of 86.2.
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( (a) In general, peak intensities measured using NIXS are identical to those measured with STXM within one equivalent of the error (1σ). Larger deviations of 2σ were observed between the two measurements for both pre-edge peaks in the CrO 4 2-spectrum and for the low energy pre-edge peak for MoO 4 2-. Because NIXS measurements at the O K-edge are immune to saturation effects, 21 this may be evidence of small errors in the transmission data. 
